Lunar meteorites provide a more random sampling of the surface of the Moon than do the returned lunar samples, and they provide valuable information to help estimate the chemical composition of the lunar crust, the lunar mantle, and the bulk Moon. As of July 2014, $96 lunar meteorites had been documented and ten of these are unbrecciated mare basalts. Using Raman imaging with multivariate curve resolution-alternating least squares (MCR-ALS), we investigated portions of polished thin sections of paired, unbrecciated, mare-basalt lunar meteorites that had been collected from the LaPaz Icefield (LAP) of Antarctica-LAP 02205 and LAP 04841. Polarized light microscopy displays that both meteorites are heterogeneous and consist of polydispersed sized and shaped particles of varying chemical composition. For two distinct probed areas within each meteorite, the individual chemical species and associated chemical maps were elucidated using MCR-ALS applied to Raman hyperspectral images. For LAP 02205, spatially and spectrally resolved clinopyroxene, ilmenite, substrate-adhesive epoxy, and diamond polish were observed within the probed areas. Similarly, for LAP 04841, spatially resolved chemical images with corresponding resolved Raman spectra of clinopyroxene, troilite, a high-temperature polymorph of anorthite, substrate-adhesive epoxy, and diamond polish were generated. In both LAP 02205 and LAP 04841, substrate-adhesive epoxy and diamond polish were more readily observed within fractures/veinlet features. Spectrally diverse clinopyroxenes were resolved in LAP 04841. Factors that allow these resolved clinopyroxenes to be differentiated include crystal orientation, spatially distinct chemical zoning of pyroxene crystals, and/or chemical and molecular composition. The minerals identified using this analytical methodology-clinopyroxene, anorthite, ilmenite, and troilite-are consistent with the results of previous studies of the two meteorites using electron microprobe analysis. To our knowledge, this is the first report of MCR-ALS with Raman imaging used for the investigation of both lunar and other types of meteorites. We have demonstrated the use of multivariate analysis methods, namely MCR-ALS, with Raman imaging to investigate heterogeneous lunar meteorites. Our analytical methodology can be used to elucidate the chemical, molecular, and structural characteristics of phases in a host of complex, heterogeneous geological, geochemical, and extraterrestrial materials.
Introduction

Raman Spectroscopy of Extraterrestrial Materials
Raman spectroscopy and Raman imaging have been shown to readily identify and determine the spatial distribution of mineral phases in both Apollo lunar samples 1,2,5,10,11 and lunar meteorites found on Earth.
5,10
Lunar Meteorites
Lunar meteorites provide a more random sampling of the Moon's surface than the samples returned to Earth by the Apollo and Luna missions. 12 Lunar meteorites provide valuable information that is used to help estimate the chemical composition of both the lunar crust and the bulk Moon as well as to help constrain the Mg/(Mg þ Fe) ratio of the lunar mantle. 12, 13 Furthermore, the chemical, molecular, and structural characteristics of the mineral phases within lunar samples are used to elucidate the petrogenesis of their host rocks. 10, 12, [14] [15] [16] [17] [18] From the discovery of the first lunar meteorite in 1979 until June 2005, $36 lunar meteorites had been identified, analyzed, and described, and $86% of them had been found in Antarctica and the deserts of northern Africa and Oman. 12 Lunar meteorites continued to be discovered so that by July 2014, $96 lunar meteorites had been documented. 19 Most of these meteorites are different types of breccias with only ten ($10%) of them being unbrecciated mare basalts. 19 In this work, we investigated two unbrecciated mare-basalt meteorites. In the following section, we provide background on some of the minerals commonly found in these rock types.
Background on Common Lunar Minerals Investigated in this Work
The common silicate minerals pyroxene, plagioclase feldspar, and olivine together comprise > 90 vol% of many lunar rocks, including mare basalts. 1, 12, 18 These phases are readily distinguished from each other using Raman spectroscopy since their major Raman bands do not overlap. 1, 2, 5 Ilmenite is a common oxide mineral ( 5 vol%) and troilite is a common, but minor, sulfide mineral in lunar samples. 12, 18 Pyroxenes comprise an important rock-forming group of minerals 10 and pyroxene is the most abundant phase in mare basalts. 18 Pyroxenes crystallize in either the orthorhombic (orthopyroxene) or monoclinic (clinopyroxene) crystal systems, and they have a wide range of chemical compositions. 20 For this work, we need only consider those pyroxenes that have the general formula (MgFe 2þ Ca) 2 Si 2 O 6 and are plotted on the pyroxene quadrilateral. 20, 21 The pyroxene quadrilateral is an isosceles trapezoid with the left and right vertices of the lower base being the end member compositions Mg 2 Si 2 O 6 (enstatite, En) and (Fe 2þ ) 2 Si 2 O 6 (ferrosilite, Fs), respectively, and the left and right vertices of the upper base being the end member compositions CaMgSi 2 O 6 (diopside, Di) and CaFe 2þ Si 2 O 6 (hedenbergite, Hd), respectively.
20,21
The Ca 2 Si 2 O 6 (wollastonite, Wo) component of the chemical compositions of pyroxenes plotted on the pyroxene quadrilateral ranges from Wo 0 along the lower base (En-Fs series) to Wo 50 along the upper base (Di-Hd series). 20 Pyroxenes of the En-Fs series are orthopyroxenes with space group Pbca that may contain up to five molecular percent of the wollastonite component. 20 Clinopyroxenes have a higher molecular percentage of the wollastonite component than orthopyroxenes, and they have a variety of names based on their chemical compositions. 20, 21 We here consider the clinopyroxene varieties pigeonite and augite. Pigeonite-(Mg,Fe 2þ ,Ca) 2 Si 2 O 6 -refers to a lowCa clinopyroxene having a wollastonite component with values of Wo [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . 20 Low-temperature pigeonite has space group P2 1 /c, and upon heating, high-temperature pigeonite has space group C2/c. 20 Augite-(Ca,Mg,Fe 2þ ) 2 Si 2 O 6 -refers to clinopyroxenes having a wollastonite component with values of Wo . 20 Augite and the clinopyroxenes of the Di-Hd series have space group C2/c. 20 With increasing Fe content, pigeonite and augite have been referred to as ferropigeonite and ferroaugite, respectively, 21 although these terms are now considered obsolete. 20 The mineral pyroxferroite ($Ca 1/7 Fe 6/ 7 SiO 3 ) is a triclinic pyroxenoid with space group P 1 and it would plot along or close to the Di-Fs leg of the pyroxene quadrilateral corresponding to compositions with very high Fe contents (molecular Mg/(Mg þ Fe) ratios of $0.05). 1, 10, 18, 21 In lunar mare basalts, orthopyroxene is rare or absent, augite and pigeonite are typical pyroxenes that commonly co-exist, and pyroxferroite may form during late-stage rapid crystallization of Fe-enriched melt. 18 Feldspar-group minerals are common rock-forming minerals in the crust of terrestrial bodies, e.g., Earth, Mars, and the Moon, and they include the plagioclase and alkali feldspar series of minerals. 22 Plagioclase feldspar commonly consists of a solid solution of CaAl 2 Si 2 O 8 (anorthite, An) and NaAlSi 3 O 8 (albite, Ab), and alkali feldspars commonly have a composition of NaAlSi 3 O 8 to KAlSi 3 O 8 . 22 The plagioclase and alkali feldspar series both have members that have different structural states. 22 For many lunar rocks, calcic plagioclase is the major feldspar mineral with compositions typically ranging from $An 65 to An 98 , and alkali feldspar is commonly a minor mineral. 1 Ilmenite (FeTiO 3 ) is an abundant oxide mineral in lunar samples, especially in lunar mare basalts. Ilmenite in lunar mare basalts contains up to $6 wt% MgO. 18 The distribution of Mg between ilmenite and co-existing silicate minerals may provide information on the crystallization sequence of minerals from a melt. Ilmenite may be associated with other Fe-and/or Ti-bearing minerals, and these various mineral associations can provide information on oxygen fugacities and temperatures during the formation of these phases. 23, 24 Troilite (FeS) commonly occurs as a late-stage crystallization product in mare basalts, and its presence is consistent with the highly reducing, low-oxygen characteristics of lunar magmas and post-crystallization lunar environment. 25 LAP 02205 and LAP 04841 are unbrecciated, coarse-grained, holocrystalline basalts, and according to the scheme of Neal and Taylor, 14 the meteorites are classified as low-titanium (Ti) mare basalts. 21, 25 Pyroxene is in the range of 43.9-56.9 modal percent in LAP 02205 21, 26 and it comprises 56.2 modal percent of LAP 04841. 25 Plagioclase feldspar is in the range of 33.1-45.3 modal percent in LAP 02205 21, 26 and it comprises 31.9 modal percent of LAP 04841. 25 Pyroxene and plagioclase feldspar together comprise $90 and $88 modal percent of LAP 02205 21, 26 and LAP 04841, 25 respectively. Electron microprobe analysis of LAP 02205 and LAP 04841 shows that most of the pyroxene grains are chemically zoned (core to rim) with pigeonite (relatively high Mg) in the core transitioning to augite, ferropigeonite, and ferroaugite (ferropyroxene), and finally to very Fe-rich rims, some of which have compositions of pyroxferroite. 21, [25] [26] [27] [28] Electron microprobe analysis of plagioclase feldspar grains show compositional variation from An 81 to An 91 for both LAP 02205 21, 27 and LAP 04841. 25 For LAP 02205, electron microprobe analysis shows that plagioclase feldspar is zoned from cores of An 90 composition to rims of An 85 composition. 26 Ilmenite is by far the major oxide mineral in the range of 2.74-3.7 modal percent in LAP 02205 21, 26, 27 and comprising 3.34 modal percent of LAP 04841. 25 Electron microprobe analysis shows low contents of MgO in ilmenite, up to 0.24 wt% for LAP 02205, 21, 26, 27 and up to 0.13 wt% for LAP 04841. 25 Troilite comprises up to 1.4 modal percent in LAP 02205 21, 26 and occurs in trace amounts in LAP 04841. 25 Lunar meteorites LAP 02205 and LAP 04841 both show several types of shock-metamorphic effects. 21, [25] [26] [27] The level of shock metamorphism in LAP 02205 and LAP 04841 is quite variable, even on the scale of a thin section, 25 so estimates of shock pressures show a wide range from $10 GPa up to $50 GPa, with localized shock pressures perhaps exceeding 60 GPa. [25] [26] [27] 
Raman Imaging
Given these chemical species of interest within lunar meteorites, Raman imaging can be employed for the investigation of extraterrestrial materials 5 for planetary science applications as well as in a variety of other disciplines, ranging from pharmaceuticals to material sciences. [29] [30] [31] [32] [33] [34] [35] Raman imaging is primarily employed in order to collect spatially resolved chemical information about a sample. By providing multidimensional analytical information, Raman imaging can spatially and spectrally characterize materials with unique advantages, including high specificity, molecular fingerprinting ability, low sensitivity to water, and high sampling versatility with limited preparation. [35] [36] [37] Furthermore, Raman imaging centers on the ability to collect Raman spectra at defined locations within a sample, and thus, hundreds to millions of independent, spatially resolved spectra can be accumulated using this technique. 36, 37 These extensive data sets ultimately allow for the visualization of chemical, molecular, and structural information about a sample.
Multivariate Analysis Methods: Multivariate Curve Resolution-Alternating Least Squares
The analysis of Raman imaging data subsequent to its collection is essential for the ability of this technique to provide spatially resolved chemical and molecular information. The analysis of Raman imaging data is traditionally performed using univariate methods, in which ''heat'' or intensity maps are generated based on the integration or amplitude of a characteristic Raman band of a known analyte of interest. By using univariate methods, however, interference effects can significantly impact the data and its analysis. [38] [39] [40] [41] Moreover, if a sample is a mixture of chemical species either containing a potentially unknown composition or overlapping spectral features, univariate methods can provide a limited analysis that could ultimately allow for critical chemical information to go unnoticed and unused. [38] [39] [40] [41] Additionally, other interference effects commonly observed in Raman imaging data that univariate methods frequently fail to overcome are background interference, fluorescence, laser power fluctuation, loss of focus, sample roughness, sample opacity, and optical alignment. [38] [39] [40] [41] Multivariate and chemometric analysis methods, however, can address these interference effects, and provide increased sensitivity, increased selectivity, enhanced visualization, and significant data reduction when used in conjunction with Raman imaging. [38] [39] [40] [41] Thus, multivariate analysis methods applied to Raman imaging data can be used to both identify the chemical species present within an unknown sample and discern a representative distribution of the individual, pure chemical species. 38, [41] [42] [43] [44] A variety of multivariate methods have been used to analyze Raman imaging data, including multivariate curve resolution-alternating least squares (MCR-ALS), principal component analysis (PCA), cluster analysis, neural networks, partial least squares (PLS), and direct classical least squares (DCLS). 38, [45] [46] [47] Specifically, MCR-ALS has recently gained momentum due to its ability to provide spatially and spectrally resolved chemical information from Raman imaging data using a simple, additive bilinear model of pure contributions. 44, 48, 49 Unlike other multivariate analysis methods, the results of MCR-ALS applied to Raman imaging data can be evaluated by both spectroscopists and chemometricians. 44, 48 By using the straightforward MCR-ALS algorithm with Raman imaging, spatially resolved chemical images and corresponding resolved Raman spectra of the individual, pure chemical species within a complex, unknown sample can be generated.
In this work, we present the results of an initial investigation of lunar meteorites LAP 02205 and LAP 04841 that was accomplished using Raman imaging in conjunction with MCR-ALS. Spatially resolved chemical images and corresponding resolved Raman spectra of the individual chemical species within distinct areas of both lunar meteorites were generated using MCR-ALS with Raman imaging. Polarizedlight microscopy was employed to initially determine the heterogeneity of the lunar meteorites with respect to particle size, shape, and composition. Multivariate curve resolution-alternating least squares with Raman imaging was subsequently utilized to elucidate the chemical properties of distinct areas within both LAP 02205 and LAP 04841. To the best of our knowledge, this is the first report of MCR-ALS with Raman imaging applied to lunar or other types of meteorites. Overall, we demonstrate and evaluate the effectiveness of multivariate analysis methods with microspectroscopic chemical imaging to investigate meteorites displaying mineralogical heterogeneity.
Materials and Methods
Materials and Sample Preparation
Polished thin sections LAP 02205,51 and LAP 04841,18 from the two lunar meteorites LAP 02205 and LAP 04841, respectively, were provided by the Meteorite Working Group (MWG) and the NASA Johnson Space Center. Polished thin sections LAP 02205,51 and LAP 04841,18 have surface areas of $0.45 cm 2 and $1.35 cm 2 , respectively. Each sample is a flat, cross-sectional representation of the given meteorite, in which the surface of the meteorite was fully exposed and the total sample depth was $30-40 mm. All sample preparation was performed by the MWG at the NASA Johnson Space Center. In brief, a portion of the meteorite is mounted in epoxy and polished to produce a flat surface. This flat, polished surface is subsequently fixed to a glass substrate using epoxy. The meteorite sample is then cut to a thickness of $100 mm such that the newly prepared surface is parallel to the glass substrate. The meteorite is then polished to a final thickness of $30-40 mm and has a flat, polished upper surface. Overall, the polished thin section contains a crosssectional representation of the lunar meteorite, in which the meteorite is fixed to a glass substrate with epoxy.
Polarized Light Microscopy
A SZM1500 stereomicroscope (Nikon) was used for the collection of all polarized light images. Both plane polarized and cross-polarized optical images were collected. A magnification ranging from 0.75Â to 11.25Â was utilized for polarized light microscopy measurements.
Raman Imaging
A Senterra Raman spectrometer (Bruker Optics) coupled to a BX-51 optical microscope (Olympus) was used for all Raman imaging measurements. Both 532 nm and 785 nm excitation sources were utilized. For the respective excitation source, the laser was focused onto the sample using a 20Â (0.40 numerical aperture, NA) or a 50Â (0.75 NA) close workingdistance objective lens (Olympus). The laser spot size resulting from 20Â and 50Â magnification was $5 mm and $2 mm in diameter, respectively. After excitation of the sample, scattered light was collected by the objective lens, filtered by a 50Â1000 mm slit aperture, and dispersed using a 1200 groove/ mm grating onto a thermoelectrically cooled charge-coupled device (CCD) detector held at a temperature of -65 C. For 532 and 785 nm excitations, the spectral ranges were 70-1550 cm À1 and 80-1525 cm
À1
, respectively. These spectral ranges were covered under one grating position.
A constant nominal power of either 5 or 10 mW was used for 532 nm excitation Raman imaging measurements, and a constant nominal power of either 25 or 50 mW was used for 785 nm excitation Raman imaging measurements. This laser power was applied to the sample's surface for all Raman imaging measurements. Integration times of 5-10 s with three coaverages were employed for Raman imaging measurements. During Raman imaging, a background measurement was collected prior to each Raman spectral acquisition, in which the background measurement contained an integration time equal to that of the respective Raman spectral acquisition. A total collection time of 30-60 s was utilized for each Raman spectral acquisition. Raman shift and source wavelength calibration were internally performed using a neon lamp. A spectral resolution of 3-5 cm À1 was achieved for all Raman imaging measurements.
A rectangular 20 Â 20 Raman imaging sampling grid was applied to regions of interest for the lunar meteorite
samples. An automated sample stage was utilized to controllably define specific x-and y-positions on the sample to collect Raman spectra. The height, or z-direction, of the sample stage was held constant during Raman imaging measurements. The OPUS 7.2 program (Bruker Optics) was used for the collection of all Raman imaging data.
Multivariate Curve Resolution-Alternating Least Squares
The analysis of Raman imaging data was performed using the multivariate self-modeling mixture analysis method of MCR-ALS. Using MCR-ALS in conjunction with Raman imaging allows for the generation of spatially resolved chemical images and corresponding resolved Raman spectra of the individual chemical species within a given sample area. Furthermore, MCR-ALS provides a unique advantage due to its ability to spatially and spectrally resolve chemical information about a heterogeneous, unknown sample. Mathematically, MCR-ALS decomposes the experimental data matrix, D, as follows:
where C is the concentration profile matrix, S T is the resolved spectral matrix, and E is the residual error matrix. Using a variety of multivariate techniques, including PCA, or prior knowledge of the chemical species, the number of components contributing to D can be determined. After providing an initial estimation, the calculation and iterative optimization of C and S T are accomplished using ALS until convergence is reached. During the ALS calculation, constraints of physically meaningful origin can be applied to readily guide the solution. With Raman imaging, these constraints are typically the non-negative concentrations and non-negative spectral intensities because the concentration of a particular chemical species within each pixel and the intensity of the scattered radiation should not be negative.
In this work, the Raman imaging data, which initially contained a three-dimensional matrix consisting of spatial information (x,y) and spectral information (cm À1 ), was unfolded into a two-dimensional experimental data matrix, D. Furthermore, each row in D is the intensity at various wavenumbers. The number of components was selected prior to ALS using initial estimates from PCA, or by comparison of resolved Raman spectra, in S T , with Raman spectra of reference materials. An initial estimation of S T was determined prior to ALS using distance criteria, in which the first Raman spectrum for initialization was selected to be furthest from the mean, and subsequent Raman spectra were selected to be furthest from the mean and all prior selected Raman spectra. The physically meaningful constraints of non-negative concentration and non-negative spectral intensity were both employed during ALS. A convergence of 0.01% was achieved for all MCR-ALS models. Multivariate curve resolution-alternating least squares methods were utilized in Matlab 7.12 (MathWorks) with the Matlab toolbox by Jaumot et al. 50 and the PLS Toolbox (Eigenvector Research) to generate both the concentration profile matrix, C, and the resolved spectral matrix, S T . The final concentration profile matrix, C, was reconstructed in Matlab 7.12 to form chemical images for each respective resolved component. These chemical images were subsequently visualized using OriginPro (Origin Lab v9.1 Pro). The final spectral matrix, S T , contains the resolved Raman spectrum for each chemical species. These resolved Raman spectra were visualized using OriginPro.
Multivariate curve resolution-alternating least squares was performed using the spectral range of 200-1550 cm À1 for 532 nm excitation and 200-1525 cm À1 for 785 nm excitation. Prior to MCR-ALS analysis, preprocessing was performed on the Raman imaging data using an asymmetric least squares baseline correction 51 to remove all variation in the Raman spectra unrelated to chemical species. Moreover, the asymmetric least squares baseline correction is an iterative method based on fitting the spectral baseline using a Whittaker smoother, and is both fast and flexible with the large data sets generated from Raman imaging. 44, 51 No other preprocessing was performed prior to MCR-ALS analysis.
Results and Discussion
Polarized Light Microscopy of LAP 02205 and LAP 04841
An initial investigation of polished thin sections LAP 02205,51 and LAP 04841,18 using polarized light microscopy was performed. Plane polarized images of LAP 02205 and LAP 04841 (Fig. 1a and 1c , respectively) and cross-polarized images of LAP 02205 and LAP 04841 (Fig. 1b and 1d , respectively) display the mineral heterogeneity of these lunar meteorites. The polarized light images of LAP 02205 ( Fig.  1a and 1b) show features within the meteorite consistent with previous studies. 21 For example, the high modal abundance of pyroxene (56.9%) and plagioclase feldspar (33.1%) within LAP 02205 21 was observed. These images also provide insight into the structural and chemical variation among the abundant chemical species, including an initial visual differentiation of pyroxene, plagioclase feldspar, and ilmenite within LAP 02205. Moreover, polarized light images of LAP 02205 ( Fig. 1a and 1b ) display that this sample contains polydispersed micrometer-sized particles of various shapes. Specifically, pyroxenes within LAP 02205 are $100 to 1000 mm in size and show diverse shapes, including rectangular-, oval-, and circular-shaped crystals.
Similarly, LAP 04841 displays a high degree of heterogeneity. The polarized light images of LAP 04841 ( Fig. 1c  and 1d ) display features within the meteorite consistent with previous studies. 25 Specifically, the high modal abundance of both pyroxene (56.2%) and plagioclase feldspar (31.9%) within LAP 04841, 25 similar to the respective abundance of these phases in LAP 02205, 21 was observed. As with LAP 02205, LAP 04841 displays polydispersed micrometer-sized particles of various shapes, including pyroxenes ranging in size from $100 to 1000 mm and having rectangular and elongated shapes. The polarized light images of LAP 04841 ( Fig. 1c and 1d ) display the general heterogeneity and complexity of the chemical species within this lunar meteorite. Overall, using polarized light microscopy, both lunar meteorites-LAP 02205 and LAP 04841-display high heterogeneity and are comprised of polydispersed, micrometer-sized particles of various shapes and diverse chemical properties.
Multivariate Curve Resolution-Alternating Least Squares with Raman Imaging of Lunar Meteorite LAP 02205
The modal abundances of the varying chemical species within lunar meteorite LAP 02205 show that undifferentiated pyroxene (56.9%) and plagioclase feldspar/maskelynite (33.1%) comprise most of this sample. 21 Maskelynite is a shock-induced diaplectic glass formed from plagioclase feldspar, 25 and in LAP 02205, the plagioclase feldspar shows only partial conversion to maskelynite. 21 Raman spectroscopy has previously been employed for the characterization of pyroxenes, including distinguishing the three general structural types of quadrilateral pyroxenes, i.e., orthorhombic (orthopyroxene), monoclinic (clinopyroxene), and triclinic (pyroxenoid).
1,2,5,10,52,53 A detailed discussion of using Raman spectroscopy, including detailed interpretation of Raman spectra, relative intensities, Raman spectral patterns, and Raman band locations, for the characterization of the structural types and chemical compositions of the quadrilateral pyroxenes is given in Wang et al. 10 We present some of the key results needed for the identification and differentiation of quadrilateral pyroxenes using Raman imaging in the following discussion.
A key spectral region within the Raman spectra of pyroxenes is $200-1100 cm
À1
. Specifically, in the 600-800 cm 1,2,52,53 Like the monoclinic pyroxenes, Raman spectra for triclinic pyroxenoids have a single major band in the 600-800 cm À1 spectral region, but this band commonly occurs at frequencies somewhat lower than $660 cm
. 10 Furthermore, other Raman band positions for the triclinic pyroxenoids are shifted to lower wavenumbers as compared to those for clinopyroxenes and orthopyroxenes, such that the band positions for pyroxferroite are $10-20 cm À1 lower than those for augite. 10 For the quadrilateral pyroxenes, only the major cations Mg 2þ , Fe 2þ , and Ca 2þ have a significant effect on the Raman band positions. 10 For the Raman spectra of quadrilateral pyroxenes, the most useful bands for estimating cation ratios appear to be those that occur near $1000 cm
, $670 cm
, and $325 cm
. 10 The positions of these Raman bands shift to higher frequencies with an increase in molar ratio of Mg 2þ . 10 A similar pattern in the shift of frequencies of Raman band positions as a function of the molar ratio of Mg 2þ was reported for several bands in both orthopyroxenes and clinopyroxenes. 52, 53 These shifts in Raman band positions appear to be more sensitive for orthopyroxenes compared with clinopyroxenes. 52, 53 The vibrational modes of pyroxenes, including Raman active vibrational modes, producing these key spectral features have been extensively studied. 10, [54] [55] [56] In this work, monoclinic pyroxenes, termed clinopyroxenes, will be the primary focus. Per factor group analysis, monoclinic pyroxenes of the space group C2/c display 57 optical vibrational modes, in which 30 are Raman active. 10 Of these 30 Raman active modes, typically three to ten Raman bands are observed for most naturally occurring monoclinic pyroxenes.
1,2,10 Specifically, these major Raman bands detected within monoclinic pyroxenes are as follows: the symmetric stretching mode of the Si-O bond containing non-bridging oxygen within [SiO 4 ] 4-subunits at $1000 cm À1 (A g ), the symmetric stretching mode of Si-O-Si bonds containing bridging oxygen at $670 cm À1 (A g ), and crystal lattice modes resulting from translational motion of the cations in the lower wavenumber spectral region ($300-400 cm À1 ). 10 It is clear, therefore, that Raman spectroscopy provides a valuable tool for investigating the nature of pyroxenes, including those in lunar samples. 1, 2, 5, 10 In addition to pyroxenes, ilmenite (FeTiO 3 ) has a modal abundance of 3.3% within LAP 02205. 21 Ilmenite contains a hexagonal close-packed oxygen framework with Fe þ2 and Ti þ4 cations ordered among the two-thirds-filled octahedral sites, and has ten predicted Raman active vibrational modes-5A g þ 5E g . 57, 58 Moreover, the major bands observed in the Raman spectrum of ilmenite are assigned as follows: 226 cm À1 (Ag), 370 cm À1 (Ag), and 679 cm À1 (Ag). Moreover, the intense Raman band at 679 cm À1 corresponds to the symmetric stretching vibration of Ti 4þ O 6 octahedra. 57 Given that the Raman spectra and Raman active modes of both pyroxene 1,2,10,52,53 and ilmenite 57, 58 have been reported, Raman imaging can provide a valuable tool for investigating the nature of both pyroxenes and ilmenite in lunar samples. 5 Additionally, given the importance of both chemical species within lunar meteorites, distinct probing areas of LAP 02205 that contain pyroxene and ilmenite were investigated using Raman imaging with MCR-ALS.
Spatially resolved chemical images (Fig. 2b-d ) and corresponding resolved Raman spectra (Fig. 2b-d ) of a probed area (Fig. 2a) of LAP 02205 were generated using MCR-ALS applied to Raman imaging. The mean (in black; Fig. 2a ) and standard deviation (þ in red, -in blue; Fig. 2a ) of the 400 total Raman spectra accumulated over the probed area (Fig. 2a) show the presence of pyroxene, substrate-adhesive epoxy, and diamond polish. This is illustrated by the mean spectrum displaying major Raman bands at 393 cm (Fig. 2b) shows a major Raman band at 1333 cm À1 indicative of diamond polish. Detailed descriptions of the Raman spectra of diamond and diamond polish are given in Solin and Ramdas 59 and Nasdala et al., 60 respectively. In brief, diamond displays a major Raman band at $1332 cm À1 within the spectral region covered in this work, and this band corresponds to the overlap of three zonecenter phonons-one longitudinal and two transverse optical modes-of F 2g symmetry. 59, 60 The second resolved Raman spectrum (Fig. 2c) 61 and Lyon et al. 62 The distributions of these resolved chemical species, in the form of spatially resolved chemical images (Fig. 2b-d) , were generated using MCR-ALS with Raman imaging. Specifically, diamond polish is localized (Fig. 2b) within the fracture/veinlet feature within the probed area. This fracture/veinlet feature appears dark in the optical image (Fig. 2a) . The distribution of clinopyroxene (Fig. 2c) displays that clinopyroxene is the predominant chemical species within the probed area, as clinopyroxene is spatially distributed throughout this entire area except for the fracture/veinlet feature. The spatial distribution of substrate-adhesive epoxy (Fig. 2d) shows that the substrate-adhesive epoxy is located throughout the entire probed area, with high concentrations within the fracture/ veinlet feature as well as along the right portion of the probed area. This is consistent with the sample preparation of this polished thin section.
A second location within LAP 02205 was analyzed using Raman imaging because of the apparent mineral diversity in the polarized light images. The mean (in black; Fig. 3a ) and standard deviation ( þ in red, -in blue; Fig. 3a ) of the 400 total Raman spectra collected over the probed area (Fig. 3a) ( Fig. 3b) shows major Raman bands at 226 cm À1 , 370 cm À1 , and 679 cm À1 characteristic of ilmenite. The second resolved Raman spectrum (Fig. 3c) adhesive epoxy. Furthermore, the resolved Raman spectrum of substrate-adhesive epoxy (Fig. 3d ) also displays a high-intensity, broad Raman band at 1378 cm À1 characteristic of the glass substrate.
The spatial distributions of the resolved chemical species (Fig. 3b-d) were also generated using MCR-ALS applied to Raman imaging of the probed area shown in the optical image (Fig. 3a) . Ilmenite (Fig. 3b) occupies a large amount of the probed area, with a higher concentration towards the lower portion of this area. Clinopyroxene (Fig. 3c) is located towards the top and right portions of the probed area in a fashion complementary to that of ilmenite. The spatial distribution of substrate-adhesive epoxy (Fig. 3d) , which is also influenced by glass (1378 cm À1 band in the resolved Raman spectrum of Fig. 3d) , shows that the substrate-adhesive epoxy is located towards the top-left and bottom-right portions of the probed area in a similar fashion to that of clinopyroxene.
Multivariate Curve Resolution-Alternating Least Squares with Raman Imaging of Lunar Meteorite LAP 04841
The modal abundances of the varying chemical species within lunar meteorite LAP 04841 show that undifferentiated pyroxene (56.2%) and plagioclase feldspar/maskelynite (31.9%) comprise most of this sample. 25 These values are quite similar to their respective values in LAP 02205. 21 In addition to pyroxenes, 10, 52, 53 Raman spectroscopy can also readily characterize plagioclase feldspars, 22 including distinguishing calcic plagioclase feldspar from alkali feldspars in lunar samples. 1, 2, 5 Moreover, a Raman spectroscopic study of natural feldspargroup minerals having a wide range of compositions, crystal structures, and degrees of cation disorder concluded that ten types of feldspars can be classified using this technique alone, but that the cation compositions of the various feldspar phases could not be quantitatively determined using Raman band positions. 22 The Raman active modes of plagioclase feldspar, including anorthite (CaAl 2 Si 2 O 8 ), have been extensively investigated. 22, 55 Anorthite is a member of the plagioclase feldspar series and belongs to the triclinic space group P 1 at low temperatures. 55 Upon heating, anorthite can form hightemperature polymorphs, and specifically, it can transform to a high-temperature polymorph with a body-centered structure and a space group of I 1. 22 From factor group analysis, 156 A g (Raman active) and 156 A u (infrared active) optical modes are predicted for anorthite. 55 Of these 156 predicted Raman active optical modes, anorthite typically displays only seven well-resolved Raman bands in the $200-1550 cm À1 spectral region, 22 with the strongest Raman band being at $505 cm
À1
. 22, 55 This band, which is characteristic of the plagioclase feldspar structure, is attributed to motion of the oxygen (O) atom along a line bisecting the T-O-T angle, where T represents either a Si or Al atom. 55, 63 In LAP 04841, in contrast to the abundant pyroxene and plagioclase feldspar, troilite (FeS) has a modal abundance of <0.07%. 25 In meteorites, troilite is the most common and abundant sulfide phase. 64 Troilite belongs to the P6 3 /mmc space group and contains a NiAs-type structure with both the Fe and S atoms in a six-fold coordination. 64 Using Raman spectroscopy, Fe-rich sulfides, including troilite, are difficult to identify and characterize. 64 Specifically, the Raman spectrum of troilite typically displays a low signal-to-noise (S/N) ratio, and can be characterized by low-signal Raman bands within lower wavenumber regions, including bands at 160 cm À1 , 290 cm À1 , and 335 cm À1 . 64 Moreover, a sample from the RRUFF database project documented to be troilite by electron microprobe analysis displays Raman spectra with very low S/N ratios and primary Raman bands at $720 cm À1 and $840 cm À1 . 65 The variation in the spectral location of these Raman bands is high due to the intense noise observed in the Raman spectra of troilite. We here present the results of our investigation of pyroxenes, plagioclase feldspar (e.g., anorthite) and troilite in two probed areas of LAP 04841 using Raman imaging in conjunction with MCR-ALS. Specifically, spatially resolved chemical images (Fig. 4b-f ) and corresponding resolved Raman spectra (Fig. 4b-f ) of a probed area of LAP 04841, shown in the optical image (Fig. 4a) , were generated using MCR-ALS applied to Raman imaging. The mean (in black; Fig. 4a ) and standard deviation ( þ in red, -in blue; Fig. 4a ) of the 400 total Raman spectra accumulated over the probed area (Fig. 4a) show the presence of pyroxene and substrate-adhesive epoxy. The mean Raman spectrum has major Raman bands at 327 cm À1 , 394 cm À1 , 667 cm
, and 1010 cm À1 characteristic of pyroxene and major Raman bands at 640 cm À1 , 822 cm À1 , 1113 cm
, 1186 cm À1 , and 1462 cm À1 characteristic of substrate-adhesive epoxy. Using a five-component MCR-ALS model, five chemically meaningful components were resolved-three clinopyroxenes, troilite, and substrate-adhesive epoxy. The first resolved Raman spectrum (Fig. 4b) indicative of clinopyroxene. The third resolved Raman spectrum (Fig. 4d) shows major Raman bands at 320 cm À1 , 664 cm À1 , and 1006 cm À1 indicative of clinopyroxene. The fourth resolved Raman spectrum (Fig. 4e) shows major Raman bands at 311 cm À1 , 345 cm À1 , 750 cm À1 , and 823 cm À1 . On the basis of the presence of the lower wavenumber bands, the overall low S/N ratio of the spectrum, and comparison with the Raman spectra of troilite from the RRUFF database project, 65 this resolved Raman spectrum (Fig. 4e) is interpreted as that of troilite. The fifth resolved Raman spectrum (Fig. 4f) The spatially resolved chemical images (Fig. 4b-f ) generated from MCR-ALS applied to Raman imaging of the probed area (Fig. 4a) of LAP 04841 highlight the distribution of the resolved chemical species. The distribution of the three clinopyroxenes (Fig. 4b-d) show that clinopyroxene is the dominant chemical species in this probed area of LAP 04841 and that the clinopyroxenes are distributed in a complementary fashion. Specifically, the first clinopyroxene (Fig. 4b) is distributed primarily towards the bottom and center portions of the probed area. The second clinopyroxene (Fig. 4c) is distributed towards the center and right portions of the probed area. The third clinopyroxene (Fig. 4d) is distributed towards the left and bottom portions of the probed area in a more localized fashion than the other resolved clinopyroxenes. The distribution of troilite (Fig. 4e) is highly localized, and it primarily occurs towards the left region of the probed area. This result is consistent with the very low modal abundance of troilite within LAP 04841. 25 The distribution of substrate-adhesive epoxy (Fig. 4f) shows that this chemical species is prevalent throughout most of the probed area with higher concentrations towards the right portion of this area.
Spatially resolved chemical images ( Fig. 5b-g ) and corresponding resolved Raman spectra (Fig. 5b-g ) were produced from utilizing MCR-ALS with Raman imaging of a second probed area of LAP 04841, shown in the optical image (Fig. 5a ). The mean (in black; Fig. 5a ) and standard deviation ( þ in red, -in blue; Fig. 5a ) of the 400 total Raman spectra accumulated over this probed area demonstrate the presence of pyroxene, substrate-adhesive epoxy, and diamond polish. The mean Raman spectrum shows the following primary Raman bands and their assigned chemical species are in parentheses-325 cm
(pyroxene), 392 cm À1 (pyroxene), 533 cm À1 (pyroxene), 644 cm À1 (pyroxene), 822 cm À1 (substrate-adhesive epoxy), 1001 cm
(pyroxene/substrate-adhesive epoxy), 1113 cm À1 (substrate-adhesive epoxy), 1186 cm À1 (substrate-adhesive epoxy), and 1331 cm À1 (diamond polish). Using a six-component MCR-ALS model, six chemically meaningful components were resolved-diamond polish, three clinopyroxenes, substrate-adhesive epoxy, and a high-temperature polymorph of anorthite. The first resolved Raman spectrum (Fig. 5b) shows a major Raman band at 1331 cm À1 characteristic of diamond polish. The second resolved Raman spectrum (Fig. 5c) spectrum ( Fig. 5g) Furthermore, under equilibrium conditions, this high-temperature polymorph of anorthite forms above $240 C and retains a high degree of long-range Al-Si order up to the melting temperature of $1557 C. 66 Electron microprobe analysis shows the plagioclase feldspar in LAP 04841 to have a composition of An 81-91 , 25 similar to that (An 79 ) of the sample of the high-temperature polymorph of anorthite with I 1 symmetry whose Raman spectrum is previously reported. 22 The initial eruption temperature of the melt from which mare basalt LAP 04841 crystallized was estimated to be 1217 C. 25 Given an anorthite composition of An 81-91 and an estimated eruption temperature of 1217 C, our identification of the high-temperature polymorph of anorthite having a body-centered crystal structure with I 1 symmetry in LAP 04841 is consistent with the proposed temperature-composition diagrams for calcic plagioclase. 67 The spatial distribution of these six resolved chemical species (Fig. 5b-g ) in the probed area of LAP 04841 (Fig. 5a ) was generated using MCR-ALS with Raman imaging. The optical image of this probed area (Fig. 5a ) displays numerous fractures/veinlets, including a prominent fracture/veinlet feature in the center of the area. The spatial distribution of diamond polish (Fig. 5b) and substrate-adhesive epoxy (Fig. 5d ) demonstrate that both of these chemical species, which are employed during sample preparation, are primarily located within this prominent fracture/veinlet feature. The spatially resolved chemical images of clinopyroxene (Fig. 5c, 5e , and 5f) demonstrate that all three resolved clinopyroxenes are distributed in a complementary fashion. The distribution of the first resolved clinopyroxene (Fig. 5c) shows that this clinopyroxene is primarily located towards the bottom-left and top-right portions of the probed area. The distribution of the second resolved clinopyroxene (Fig. 5e) shows that this clinopyroxene is primarily located towards the top-right portion of the probed area, with minor localizations on the bottom-left portion of the probed area. The distribution of the third resolved clinopyroxene (Fig. 5f) shows that this pyroxene is located primarily towards the bottom-left portion of the probed area, including minor localizations towards the top-right portion of the probed area that are complementary to the second resolved clinopyroxene (Fig. 5e) . Finally, the spatially resolved chemical image of the high-temperature polymorph of anorthite (Fig. 5g) shows that this chemical species is highly localized towards the top-left portion of the probed area and displays an oval-shaped distribution.
In both probed areas (Figs. 4a and 5a ) of LAP 04841, multiple chemical species were resolved using MCR-ALS with Raman imaging, including three spectrally diverse clinopyroxenes within each area. The clinopyroxenes are identified as such by comparing their resolved Raman spectra with Raman spectra from the literature.
1,2,5,10,52,53 All the resolved Raman spectra identified as monoclinic pyroxene (clinopyroxene) display several key spectral features. First, the resolved Raman spectra of clinopyroxenes do not display two distinct Raman bands (a doublet) at $670 cm À1 that are characteristic of orthorhombic pyroxenes (orthopyroxenes). 10 Second, the resolved Raman spectra of the clinopyroxenes show a single major Raman band near $670 cm À1 that is characteristic of clinopyroxene. 10 Third, this major Raman band is not observed to be significantly ($10-20 cm À1 ) redshifted to lower frequencies as is characteristic of triclinic pyroxenoids. 10 Moreover, the other major Raman bands within the resolved Raman spectra of the clinopyroxenes do not display significant redshifting, as would be expected for Raman spectra of triclinic pyroxenoids. 10 Therefore, the pyroxenes in both probed areas within LAP 04841 all appear to be clinopyroxenes, but their resolved Raman spectra show distinct differences in their spectral features. These differences include the band location and relative intensity of the high-intensity Raman bands at $667 cm À1 and $1000 cm À1 as well as with the number of bands and their relative intensities in the lower wavenumber spectral range of $230-400 cm À1 . In this lower wavenumber spectral range, there can be three Raman bands at 312 cm À1 , 350 cm À1 , and 384 cm
( Fig. 5f ), two moderate-intensity Raman bands at $324 cm À1 and $392 cm À1 (Figs. 4b, 4c , and 5c), or a single, moderate-intensity Raman band at $325 cm À1 (Figs. 4d and 5e) . Furthermore, these bands show differences in relative intensities. Therefore, for both probed areas of LAP 04841, the three resolved clinopyroxenes display differences in their spectral features that include the locations and relative intensities of the high-intensity Raman bands at $667 cm À1 and $1000 cm À1 as well as the number of Raman bands that are present in the $230 cm À1 to 400 cm À1 spectral range and the relative intensities of these latter bands.
The differences in the spectral features of the resolved Raman spectra of clinopyroxenes are now discussed. The crystal orientation of a chemical species, including pyroxene, 2 relative to the direction of the excitation laser beam is known to affect Raman band intensities and spectral patterns. In the study by Haskin et al., 2 a single grain of orthopyroxene was oriented in three different positions relative to the direction of excitation, and marked changes in the Raman spectral patterns and relative intensities of the Raman bands, including those in the $300-400 cm À1 spectral region, were observed. Moreover, Wang et al. 10 noted that with a high (3-4 cm À1 ) resolution spectrometer, such as was used in our study, the major Raman band at $1000 cm À1 for monoclinic pyroxenes may appear as two overlapping bands at $1000 cm À1 and $1010 cm À1 and that the relative intensity of these two bands depends on crystal orientation. A second possible factor concerns chemical zonation within clinopyroxene crystals. Strong compositional zoning of pyroxene crystals in lunar samples has been documented previously using Raman spectroscopy, including zoning from orthopyroxene to pigeonite to Fe-augite over distances of a few micrometers within a polished thin section of an Apollo 14 impact melt-rock. 2 Moreover, a single pyroxene grain of $500 mm in size within that same sample was previously determined to be zoned (core-to-rim) from orthopyroxene to pigeonite to pyroxferroite. 1 Electron microprobe analysis of LAP 02205 and LAP 04841 shows that most of the pyroxene grains are chemically zoned with pigeonite (relatively high Mg) cores transitioning to augite, Fe-rich pyroxene (ferropyroxene), and finally to very Fe-rich rims, some having compositions of pyroxferroite. 21, [25] [26] [27] [28] We speculate that for the second probed area in LAP 04841 (Fig. 5a ), the differences in the spectral features of the resolved Raman spectra of the clinopyroxenes (Fig. 5c, 5e , and 5f) may reflect chemical zonation of the clinopyroxenes. As observed in the spatially resolved chemical images, the resolved Raman spectrum for the clinopyroxenes near their margins (Fig. 5f ) is distinctly different than the resolved Raman spectra (Fig. 5c  and 5e ) for the more interior portions of the clinopyroxene crystals. Finally, a third possible factor involves the chemical composition of the pyroxenes. Previous studies 21, 25 on both LAP 02205 and LAP 04841 have highlighted that the pyroxenes within both lunar meteorites are primarily the monoclinic-structured pyroxenes (clinopyroxenes) and specifically, augite, pigeonite, and Fe-rich clinopyroxene. For example, the modal abundances of pyroxene varieties within LAP 02205 are as follows-29.0% augite, 12.0% pigeonite, and 15.9% Fe-pyroxene. 21 This variation of the chemical composition of augite, pigeonite, and Fe-rich clinopyroxenes can therefore be a potential factor in the resolution of the spectrally diverse clinopyroxenes.
Conclusion
The chemical, molecular, and structural information of the chemical species within lunar meteorites can help to reveal the petrogenesis of these rocks as well as to provide important constraints on the chemical composition of the crust and mantle of the Moon. In this work, using chemical imaging with chemometric analysis, we investigated polished thin sections of two paired, unbrecciated, mare-basalt lunar meteorites-LAP 02205 and LAP 04841-that had been collected from the LaPaz Icefield (LAP) of Antarctica. Initial investigation of LAP 02205 and LAP 04841 using polarized light microscopy showed these samples to be heterogeneous and comprised of polydispersed sized and shaped particles of varying chemical composition. Using MCR-ALS applied to Raman imaging, two distinct areas in each of the meteorites were analyzed to elucidate their respective chemical properties. Using MCR-ALS with Raman imaging, spatially resolved chemical images and corresponding resolved Raman spectra of diamond polish, clinopyroxene, and substrateadhesive epoxy were generated on the first probed area of LAP 02205. Similarly, using MCR-ALS with Raman imaging, the second probed area of LAP 02205 yielded the spatial and spectral resolution of ilmenite, clinopyroxene, and substrate-adhesive epoxy. For the first probed area of LAP 04841, MCR-ALS with Raman imaging generated spatially resolved chemical images and resolved Raman spectra of three spectrally distinct clinopyroxene phases, as well as troilite and substrate-adhesive epoxy. A second probed area of LAP 04841 analyzed by MCR-ALS with Raman imaging produced the spatial and spectral resolution of six individual chemical species-diamond polish, three spectrally distinct clinopyroxene phases, substrate-adhesive epoxy, and a high-temperature, body-centered-structured (I 1 space group) polymorph of anorthite. The minerals resolved in this work-clinopyroxene, ilmenite, troilite, and anorthite-are consistent with the results of previous studies of these lunar meteorites using electron microprobe analysis. Substrate-adhesive epoxy and diamond polish, introduced into the meteorites during sample preparation, were more readily observed within the fracture/veinlet features of both meteorites. In the four probed areas of LAP 02205 and LAP 04841 that were investigated here, no orthopyroxene or triclinic pyroxenoids were observed. Moreover, the resolution of the spectrally diverse clinopyroxene phases within LAP 04841 can be attributed to chemical zoning of pyroxenes, which is commonly observed in lunar meteorites, crystal orientation of the pyroxenes, and chemical composition of clinopyroxenes, e.g., pigeonite, augite, and Fe-rich clinopyroxenes. Overall, using MCR-ALS applied to Raman imaging, we generated spatially resolved chemical images and corresponding resolved Raman spectra of individual chemical species in diverse probed areas of lunar meteorites LAP 02205 and LAP 04841, and our results are consistent with those of previous studies using electron microprobe analysis. To the best of our knowledge, this is the first report of MCR-ALS used in conjunction with Raman imaging as applied to lunar or other meteorites. We therefore demonstrate the use of multivariate analysis methods with Raman imaging to investigate complex, heterogeneous meteorites. This analytical methodology can be used in conjunction with other analytical techniques, e.g., electron microprobe analysis, to elucidate the chemical, molecular, and structural characteristics of phases within a host of geological, geochemical, and extraterrestrial materials (e.g., meteorites and samples returned by spacecraft).
